Oligopeptide transporters (OPTs) are a group of membranelocalized proteins that have a broad range of substrate transport capabilities and that are thought to contribute to many biological processes. Nine OPTs belonging to the peptide transport (PT) clade were identifi ed in the rice (Oryza sativa L.) genome, based on their predicted amino acid sequences containing the two highly conserved motifs (NPG and KIPPR) that defi ne the PT-OPT subgroup. Protein identity analysis comparing the rice OPTs of the PT and yellow stripe (YS) clades revealed low levels of similarity between members of these two OPT subgroups. Sequence analysis of the predicted proteins of the PT clade, named OsOPT1 to OsOPT9, revealed all to be integral membrane proteins. Functional analysis of fi ve of the OsOPTs, using a yeast complementation assay, demonstrated that OsOPT1, OsOPT3, OsOPT4, OsOPT5, and OsOPT7 could transport ferrous and/or ferric iron chelated to nicotianamine, a nonpeptidyl metal-chelate. Semi quantitative reverse-transcriptase polymerase chain reaction verifi ed expression of the OsOPTs in roots, stems, leaves, hulls, pedicels, and embryos, but transcripts for each OsOPT were not found in every tissue. The identifi cation of multiple PT-clade OPT genes in rice with different expression patterns indicates that they may have different biological roles in the plant.
A LL LIVING organisms depend on a multitude of transporters to survive, because the transport of substrates is an essential step in life's most important processes, such as biosynthesis, reproduction, cell-cell communication, respiration, photosynthesis, pathogen defense, and nutrient metabolism. In plants, numerous families of transporters have been identifi ed, with functions related to the above-mentioned aspects of plant survival. Transporters have specifi c localizations within the cell and are specialized in carrying diff erent compounds such as sucrose (Li et al., 1992; Delrot et al., 2000; Lemoine, 2000) , nitrate (Forde, 2000; Yin et al., 2007) , phosphate (Smith et al., 2000) , auxin (Young et al., 1999) , ammonium (Howitt and Udvardi, 2000; Couturier et al., 2007) , monosaccharides (Büttner and Sauer, 2000) , amino acids (Ortiz-Lopez et al., 2000) , peptides (Stacey et al., 2002a) , metals (Guerinot, 2000; Williams et al., 2000) , and other ions such as sodium (Blumwald et al., 2000; Davenport et al., 2007) or potassium (Schachtman, 2000; Haro and Rodríguez-Navarro, 2003; Amrutha et al., 2007) .
Several of the plant transporter gene families are fairly well described; however, the peptide transporter families are not among them. Peptide transporters can be divided into one of three categories: the ATP binding cassette (ABC) superfamily, the peptide transporter superfamily (PTR), and the more recently identifi ed oligopeptide transporter (OPT) family. Th e diff erences between these three families reside mainly on the type of substrates they transport and their specifi city. Th e plant ABC proteins are primarily pumps, which use the energy of ATP hydrolysis to drive the transport of diff erent substrates such as peptides, lipids, heavy metal chelates, polysaccharides, alkaloids, steroids, inorganic acids, and glutathione conjugates (Rea et al., 1998; Th eodolou, 2000) . Th e PTR family members have been shown to transport di-and tripeptides (Rentsch et al., 1995; Song et al., 1996; Chiang et al., 2004) , as well as nitrate (Tsay et al., 1993; Wang et al., 1998) , but their full range of substrates is still undefi ned. It is possible that the PTRs, like the ABCs, can transport a broad range of substrates, because over 50 PTRs have been identifi ed in Arabidopsis thaliana (L.) Heynh. (Stacey et al., 2002a) and over 60 in rice (Oryza sativa L.; M.W. Vasconcelos, unpublished data, 2006) .
Th e OPT family of transporters was fi rst identifi ed in Schizosaccharomyces pombe Linder (Lubkowitz et al., 1997 (Lubkowitz et al., , 1998 and since then they also have been found in bacteria, plants, and archaea (Lubkowitz, 2006) , but not in animals. Th e OPTs have been further divided into diff erent subfamilies, with the prokaryotic proteins clustering loosely in one branch, whereas the eukaryotic proteins divide into four clusters: two plant clusters and two fungal clusters (Yen et al., 2001) . Th e two plant clusters represent the yellow stripe (YS) and the peptide transport (PT) clades (Yen et al., 2001; Lubkowitz, 2006) . Th e YS clade includes the YSL (yellow stripe-like) genes, described in Arabidopsis (DiDonato et al., 2004) , rice (Koike et al., 2004) , and Zea mays L. (Curie et al., 2001; Yen et al., 2001; Schaaf et al., 2004) . Several of the YSL genes are implicated in the transport of metals bound to nicotianamine (NA) (Koike et al., 2004; Schaaf et al., 2004; Gendre et al., 2007) .
Plant OPTs belonging to the PT clade (PT-OPTs) have been characterized in Arabidopsis, rice, and Brassica juncea (L.) Czern. (Koh et al., 2002; Bogs et al., 2003; Lubkowitz, 2006; Osawa et al., 2006; Stacey et al., 2006) , and they have been implicated in embryo development (Stacey et al., 2002b) , glutathione transport (Bogs et al., 2003; Cagnac et al., 2004 , heavy metal detoxifi cation (Bogs et al., 2003; Cagnac et al., 2004) , seed germination (Muntz, 1998) , and long distance nitrogen allocation (Williams and Miller, 2001) . It has been shown that Arabidopsis PT-OPTs are expressed in diff erent parts of the plant, including the vascular tissue, where they are speculated to contribute to the longdistance transport of peptides (Stacey et al., 2002b) . Th e PT-OPT gene family has not yet been characterized in a graminaceous species. Currently, the general assumption is that the substrates of the PT-OPTs are peptides of three to fi ve residues, whereas substrates of the YS clade are metal-chelating amino acid derivatives, such as NA and 2′-deoxymugineic acid (Lubkowitz, 2006) . However, it is still unknown if there is an overlap in substrates between the members of these two clades, and if the PT-OPTs from a dicot species such as Arabidopsis have similar function to homologous PT-OPTs in a monocot species. Moreover, since NA is structurally similar to a tripeptide, we speculated that perhaps the PT-OPTs also are capable of transporting iron bound to NA. For this reason, we characterized the PT-OPT genes and protein family in rice. Specifi cally, we investigated their role in Fe(II)-NA and Fe(III)-NA transport and analyzed their expression pattern in diff erent tissues. Th is is the fi rst report showing that rice PT-OPTs are capable of transporting NA-bound iron.
Materials and Methods

Plant Growth and Tissue Collection
Seeds of japonica-type O. sativa L. line Taipei 309 were germinated and plants were grown for collection of different tissues to be used in the expression studies. Germinated rice seedlings were planted in 4.5-L black pots in synthetic soil (one part premium grade Sunshine Strong Lite vermiculite and two parts of Metro-Mix 360; Sungro Horticulture, Seneca, IL) and grown in a glasshouse at the USDA-ARS Children's Nutrition Research Center, Houston, TX. Th e glasshouse was maintained at 28 ± 3°C day/25 ± 3°C night. Sunlight was supplemented with metal halide lamps; the lamps ensured a 15-h day (lights on at 0700 h) and 9-h night cycle and a minimum photon fl ux density of 200 μmol m -2 s -1 at the top of the plants. Plants were watered daily with nutrient solution containing 1 mM KNO 3 , 0.8 mM Ca(NO 3 ) 2 , 0.3 mM KH 2 PO 4 , 1 mM MgSO 4 , 25 μM CaCl 2 , 25 μM H 3 BO 3 , 2 μM MnSO 4, 2 μM ZnSO 4, 0.5 μM CuSO 4 , 0.5 μM H 2 MoO 4, 0.1 μM NiSO 4 , and 5 μM Fe(III)-HEDTA (N-hydroxyethylethylenediaminetriacetic acid). Rice tissues (stems, seed hulls, pedicels, embryos, senescing nonfl ag leaves, and fl ag leaves) were collected at mid grain fi ll (medium dough stage) and frozen in liquid nitrogen. Panicles, with seeds at mid-fi lling stage, also were collected and taken to the laboratory for isolation of embryos. Th e panicle stem was kept in deionized water during the isolation procedure. Immature embryos were dissected with a scalpel by applying gentle pressure on the immature seed, causing the embryo to detach from the endosperm, be released from the pericarp, and pushed through the seed hull. Isolated embryos were immediately placed in an eppendorf tube that was dipped in liquid nitrogen.
For the collection of roots and young, green leaves, seeds were germinated in petri dishes with fi lter paper for 8 d before being transferred to hydroponic solution. Th e fi lter paper was wet daily with demineralized water to avoid drying of the seeds. Plants were grown in a controlled environment chamber with 16-h, 20°C day and 8-h, 15°C night. Relative humidity was maintained at 50% and photon fl ux density during the day was 350 μmol m , supplied by a mixture of incandescent bulbs and fl uorescent lamps. Th e standard solution for hydroponically grown plants contained 1 mM Ca(NO 3 ) 2 , 3 mM KNO 3 , 0.5 mM MgSO 4 , 0.75 mM K 2 SO 4 , 0.5 mM KH 2 PO 4 , 25 μM CaCl 2 , 25 μM MnSO 4 , 0.5 μM ZnSO 4 , 0.5 μM CuSO 4 , 0.5 μM H 2 MoO 4 , 0.1 μM NiSO 4 , 0.1 mM K 2 SiO 3 , and 20 μM Fe(III)-HEDTA. All nutrients were buff ered with 2 mM MES (2,4-morpholino-ethane sulfonic acid), pH 5.5 and growth solutions were changed weekly. Plants were grown for 21 d at 10 plants per pot in 4.5 L of solution.
Identifi cation of O. sativa PT-OPT Homologs
A reference protein of a well-established Arabidopsis OPT was chosen as query sequence in the rice genome databases. Th e reference protein was AtOPT1 (GenBank accession no. NP_200404). Searches were made using the TBLASTN tool (http://www.ncbi.nlm.nih.gov/BLAST/) against the nonredundant GenBank database, with specifi cations for O. sativa. Only the proteins that contained the two distinctive motifs of the plant PT-OPTs, the NPG motif, (Koh et al., 2002) were considered functionally similar (homologous) to the reference protein. Th is criteria has been the one utilized by the plant community, particularly in Arabidopsis, to categorize the PT-clade OPTs separately from other related subfamilies, such as the YS-OPTs.
Other databases used to confi rm the identifi cation of the rice PT-OPTs were the Rice Genome Research Program (RGP) (http://rgp.dna.aff rc.go.jp/E/index. html), Th e Institute of Genome Research (TIGR) (http:// www.tigr.org/), the Rice Annotation Project Database (RAP-DB) (http://rapdb.lab.nig.ac.jp/index.html), and the Knowledge-based Oryza Molecular biological Encyclopedia (KOME) (http://cdna01.dna.aff rc.go.jp/cDNA/). CDART analysis (Geer et al., 2002 ) was used to fi nd similar proteins in all living organisms across signifi cant evolutionary distances.
For OsOPT 5, 6, and 7, protein sequences were determined using EMBOSS Transeq (http://www.ebi.ac.uk/ emboss/transeq/) and ExPASy 6-frame translate tool (http://us.expasy.org/tools/dna.html).
Protein alignments obtained using ClustalW 1.8 (http://www.ebi.ac.uk/clustalw/index.html) were used as starting points for the phylogenetic analysis. Th e multiple sequence alignments were edited using BioEdit, version 7.0.5.3 (Hall, 1999) .
Phylogenetic and molecular evolutionary analyses were conducted using MEGA version 3.1 (Kumar et al., 2004) . A rooted tree comparing the diff erent PT-OPT protein sequences from diff erent species was prepared by the neighbor-joining method, using 1000 replications for the bootstrap analysis.
Th e Pfam database (Finn et al., 2006) and the Rice Genome Annotation Database (http://rice.plantbiology. msu.edu) were utilized to search for the oligopeptide domain (PF03169) in the rice genome. Th is domain is present in all oligopeptide transporters and is characterized by the motif SPYXEVRXXVXXXDDP.
WoLF PSORT (http://wolfpsort.org/) (Horton et al., 2006 ) was utilized to estimate protein localization. HMMTOP version 2.0 (http://www.enzim.hu/hmmtop/ html/document.html) Simon, 1998, 2001) and TopPred II (Claros and von Heijne, 1994) , along with two hydrophobicity scale computational methods (Goldman et al., 1986; Kyte and Doolittle, 1982) were used to estimate the number of transmembrane (TM) domains of the OsOPTs. Th e isoelectric point (pI), molecular weight, and grand average hydropathy (GRAVY) values were estimated using the ProtParam tool from ExPASy (http://us.expasy.org/tools/ protparam.html) (Gasteiger et al., 2005) .
Chromosome locations of the putative rice oligopeptide transporter genes were obtained from the International Rice Genome-Sequencing Project (http://rgp. dna.aff rc.go.jp/IRGSP/download.html) and TIGR (http:// www.tigr.org/tdb/e2k1/osa1/BACmapping/Genetic_ Markers_map.shtml).
Sequence Comparisons between the O. sativa PT-OPT and YS-OPT Proteins
Protein sequences for all available rice YS-OPTs (i.e., OsYSLs) were obtained from GenBank. A rooted tree comparing the PT-OPT to the YS-OPT proteins in rice was prepared by the neighbor-joining method, using 1000 replications for the bootstrap analysis.
Semiquantitative Reverse-Transcriptase Polymerase Chain Reaction (RT-PCR)
Total RNA from three biological replicates of diff erent rice tissues (green leaves, senescing leaves, stems, pedicels, roots, hulls, fl ag leaves, and seed embryos) was isolated using the RNeasy kit from QIAGEN (QIAGEN Inc., Valencia, CA) according to the manufacturer's instructions. RNA concentrations were assessed using a ND-1000 Nano Drop Full spectrum UV/Vis spectrophotometer (Wilmington, DE) . Th e structural integrity of the RNAs was checked with non-denaturing agarose gel and ethidium bromide staining. To remove contaminating genomic DNA, RNAs were treated with the TURBO DNA-free kit from Ambion Inc. (Austin, TX) according to the manufacturer's instructions. DNase-treated RNA samples (0.5 μg) were reverse transcribed with an anchored oligo (dT) primer and 200 units superscript II reverse transcriptase (Invitrogen, Carlsbad, CA) in a volume of 20 μL according to the manufacturer's instructions. Polymerase chain reactions were performed with 1.5 μL of the RT reaction using gene specifi c primers. Additional reaction components were 10 mM polymerase buff er, 1 mM dNTPs, 0.1 units Taq polymerase (Clontech, Palo Alto, CA), and 1 μM specifi c primers. Primer sequences and fragment sizes are listed in Table  1 . A touchdown PCR program was utilized to eliminate amplifi cation of nonspecifi c bands: 95°C for 5 min; 3 cycles comprised of 95°C for 1 min, 62°C for 30 sec, and 72°C for 1 min; annealing temperatures were then lowered 1°C in each cycle until they reached 59°C, followed by 14 cycles with an annealing temperature of 60°C; a fi nal extension step at 72°C for 10 min.
Products from 20 μL of the PCR amplifi cation were visualized on a 1% TAE agarose gel containing ethidium bromide. Bands were photographed using the Quantity One 4.5.1 Chemidoc EQ Soft ware System (Bio-Rad, Hercules, CA) and eluted from the gel, and DNA fragments were purifi ed using the Qiagen QIAquick PCR purifi cation Kit (QIAGEN Inc., Valencia, CA) according to the manufacturer's instructions. Purifi ed fragments were sent for sequencing and checked for correct sequence amplifi cation.
Functional Analysis of the OsOPTs
Th e clones for OsOPT1, OsOPT3, OsOPT4, OsOPT5, and OsOPT7 were obtained from the Rice Genome Resource Center (http://www.rgrc.dna.aff rc.go.jp/index.html.en) and subcloned into pYES2.1 vector. To study the function of the protein encoded by the OsOPTs, the coding regions were ligated to the Gal-inducible GAL1 promoter in the expression vector pYES2.1/V5-His-TOPO vector using the pYES2.1 TOPO TA cloning kit and transformed into TOP10 F′ Escherichia coli cells (Invitrogen, Carlsbad, CA) according to the manufacturer's instructions. Plasmid DNA was prepared and constructs were sequenced to ensure that the inserts were in the correct orientation.
For yeast transformation and functional complementation, the Saccharomyces cerevisiae (Meyen) E.C. Hansen knock-out strain fet3fet4 DEY 1453 was used (MATα trp1 ura3 Δfet3::LEU2 Δfet4::HIS3; Eide et al., 1996) , which is defective in low-and high-affi nity iron uptake. Yeast cells were grown in yeast extract-peptone-dextrose media supplemented with necessary auxotrophic requirements and either with 30 μM Fe(III)-citrate (positive control), 40 μM FeSO 4 (negative control), or with the appropriate levels of Fe(II)-NA or Fe(III)-NA. Yeast transformations were performed by the lithium acetate-based method (Gietz and Schiestl, 1991) . Yeast strains were inoculated in a 50-mL culture of complete media with 30 μM FeCl 3 . Aft er overnight growth, the culture was diluted to obtain an OD at 600 nm of 0.1, and three dilutions were made: 1:10, 1:50, and 1:100. For assessment of growth, 5 μL of each dilution was spotted on diff erent iron media plates and grown for 5 d at 30°C. Synthetic NA was purchased from T. Hasegawa, Co. (Tokyo, Japan). Sterile stock solutions of Fe(II)-NA and Fe(III)-NA solutions were prepared as described (Schaaf et al., 2005) , fi lter sterilized, and poured into the plates at diff erent concentrations. Th is experiment was repeated twice.
To directly assess the membrane transport capacity of selected OsOPTs, single colonies of OsOPT1, OsOPT3, OsOPT4, and empty vector-transformed fet3fet4 were cultured in liquid yeast nitrogen base medium containing 2% galactose and the proper supplements. Cells were grown on a shaker at 30°C at 225 rpm until they reached early log phase (around 18 h). Cells were harvested by centrifugation at 315 × g for 4 min at 4°C and washed three times with uptake buff er (10 mM MES, 2% galactose, pH 6.1), aft er which they were resuspended in 10 mL of uptake buff er and kept on ice. Before uptake assays, the cells were pre-incubated in a shaking incubator at 30°C and 225 rpm for 15 min. Uptake assays were performed by mixing equal volumes of resuspended cells with labeling solution [10 mM MES, 2% galactose, 2 mM ascorbic acid, 10 μM 59 Fe(II)-NA] and incubating these for 10, 20, 30, or 40 min in the shaking incubator. Identical preparations to be used as cold-treated blanks were kept on ice for the same time periods. Aft er the incubations, the assay solutions with cells were vacuum fi ltered on 25-mm Whatman GF/C membrane fi lters. Th e cells were washed three times with 10 mL of SSW buff er (1 mM Na 2 EDTA, 20 mM citrate, 1 mM KH 2 PO 4 , 1 mM CaCl 2 , 5 mM MgSO 4 , 1 mM NaCl, pH 4.1). Radioactivity was determined by gamma counting of the fi lters. Th e number of yeast cells per volume of solution was counted for each cell line using a hemocytometer under a microscope; samples for counting were taken from the overnight cultures and fi nal cell counts per assay were calculated taking into account the various dilutions of the samples. As with the plate complementation assays, the NA solutions were prepared as described by Schaaf et al. (2004) , at 20% excess with respect to the iron. To prepare the 59 Fe(II)-NA complex, an aliquot of 59 FeCl 2 (in 0.1 M HCl) was fi rst added to the buff ered NA and then this was mixed with the unlabeled FeCl 2 stock solution. Th e Fe(II)-NA uptake assays were performed in the presence of 1 mM ascorbic acid and 5 μM 59 Fe(II)-NA (containing 0.1 μCi 59 Fe per reaction volume). Flux values were calculated by subtracting the counts derived from the cold-treated blanks from the counts derived from the cells assayed at 30°C, adjusting for specifi c activity, and normalizing to 10 -6 cells.
Results
The PT-clade OsOPT Gene Family in Rice
Th ree diff erent approaches were taken to identify the OsOPT rice homologs of the PT clade: (i) the GenBank database was searched using TBLASTN 2.1.1. algorithm with the complete sequence of AtOPT1 (NM_124975), using a cutoff E-value of e -10 ; (ii) a query search was performed in the RGP using "oligopeptide transporter" as the keyword; and (iii) a search was conducted in the rice genome annotation and Pfam, using the OPT profi le in Table 1 . Primer sequences utilized in the detection of OsOPT genes through semiquantitative reversetranscriptase polymerase chain reaction (RT-PCR) and predicted size of the PCR products.
Gene
Forward primer Reverse primer Product size  OsOPT1  CTCAGGCCAAGTTCTTCCTG  AACAGGTGCGACGAGAAGAT  352  OsOPT2  ACTGAGCTCCTCCCATCAGA  GCAAGAAGCCAGAGGACATC  489  OsOPT3  CCCATTTCCATTTTGACACC  ATGGTCGTTCCGATGTTAGC  271  OsOPT4  CGCATCTCCTTCTTCGTCTC  AATCCAGTAGGCGATTGGTG  486  OsOPT5  GCTCAACCTCAGGGAGTACG  AGCGCCTGAGTCATGCTTAT  519  OsOPT6  GGAGATCGTCAACGACAGGT  GCCTGGTTCATGCTGATGTA  513  OsOPT7  TCGTGTTCAAGTACCGCAAG  TCATCACACGGGAGGTAACA  361  OsOPT8  TCGCACCTATTCATGTCCAA  GCTGATGGGTAGGGTGAAGA  420  OsOPT9  CTCCCCAAGAAGGTGTTCAG  TTGAAGGCCACCACATGTAA  286 the rice database. From the search conducted in the rice GenBank database, 31 diff erent sequences were identifi ed with a cutoff value lower than e -10 . From the search at RGP, 14 diff erent sequences were identifi ed that matched the keyword "oligopeptide transporter." Finally, from the genome annotation database and Pfam, 32 gene models matched the OPT profi le PF03169 with a domain score greater than the trusted cutoff , and with a total HMM score greater than 50. However, further sequence analysis with ClustalW and Sequencher (Genecodes Corporation, Ann Arbor, MI) programs revealed that many of these gene models were duplicate sequences, and thus reduced the number of putative genes in the list. Aft er removing all duplicate nucleotide sequences and obtaining the translated amino acid sequences, a search was made to identify the two signature motifs of the OPTs of the PT clade. It was found that several sequences were lacking one or both of the motifs, and homology searches determined that the sequences that were lacking these motifs were mostly related to the PTR, ABC, POT, or YSL families of transporters. Aft er removing these sequences from the list, the analysis led to the identifi cation of nine rice homologs that had both signature motifs characteristic of the PT-OPTs, and these were named OsOPT1 to OsOPT9: OsOPT1, AP003220; OsOPT2, NM_001063185; OsOPT3, AF393848; OsOPT4, AK072617; OsOPT5, AK121257; OsOPT6, AK070801; OsOPT7, AK102404; OsOPT8, AP005859; and OsOPT9, AK100814.
CDART analysis was utilized to fi nd similar proteins in diff erent species across signifi cant evolutionary distances. From this search, it was found that in all living organisms that have sequencing data available in public databases, 475 sequences possess the OPT domain. Th ese included sequences, for instance, from plant species (A. thaliana, O. sativa, Medicago truncatula Gaertn., Z. mays) and fungal species [Aspergillus fumigatus Fresenius, A. oryzae (Ahlburg) E. Cohn, Gibberella zeae (Schwein.) Petch, Magnaporthe grisea (T.T. Hebert) M.E. Barr, Pichia stipitis Pignal), amongst many others (data not shown). Interestingly, no orthologous sequences were found from animal species.
Th e translated amino acid sequences of the nine rice OsOPTs displayed signifi cant similarity to several OPT family members of the PT clade from diff erent species (Fig. 1) . A rooted phylogenetic tree was constructed by comparing the amino acid sequences of the PT-OsOPTs with 16 other known OPT sequences of the PT clade, and fi ve extra sequences from M. truncatula that were identifi ed in the Medicago public database (http://medicago.org/). As seen in Fig.  1 lipolytica (Wick., Kurtzman and E.A. Heerm.) Van der Walt and Arx grouped in a separate branch. Th e phylogenetic analysis also revealed that OsOPT2, OsOPT3, and OsOPT4 are most closely related to MtOPT5 and AtOPT7; OsOPT1 and OsOPT8 are most closely related to AtOPT4 and MtOPT1; OsOPT7 is most closely related to AtOPT3 and BjGT1; and OsOPT5 and OsOPT9 are most closely related to MtOPT2, MtOPT3, and MtOPT4.
Th e nine OsOPT cDNAs were predicted to contain open reading frames encoding highly hydrophobic polypeptides (grand average hydrophobicities of 0.35 to 0.48) ranging from 733 to 766 amino acids in length, with molecular weights between 81.7 and 86.1 kDa, and predicted pIs ranging from 6.0 to 9.2 (Table 2) . Th e OsOPTs of the PT clade shared from 48% up to 91% identity at the amino acid level (Table 3) .
Th e intron and exon prediction analysis for the OsOPT genes revealed that they are somewhat diverse in terms of gene structure ( Fig. 2A) : OsOPT1 has no introns, whereas OsOPT2, OsOPT3, OsOPT4 and OsOPT6 have six introns, OsOPT5 has four, OsOPT7 and OsOPT8 have three, and OsOPT9 has fi ve. OsOPT2, OsOPT3, and OsOPT4, which are all located on chromosome 6, not only have the same number of introns and exons, but also show an overall high conservation in terms of gene structure, with similar intron and exon lengths and distribution. Alignments of selected amino acid sequences of the OsOPTs are presented in Fig. 2B , with indication of the two conserved motifs (NPG and KIPPR), and their amino acid identities. Th e rice OPTs were predicted to contain from 15 to 18 TM domains (Table 2; Fig. 3 ). Two hydrophobicity scale computational methods, Goldman, Engelman, and Steitz (GES) or Kyte and Doolittle (KD), were used to estimate the number of TM domains and it was found that they did not always predict the same number of TM alpha-helices. Th is pattern was true for most of the OsOPTs. We chose to report the KD values in Table 2 , due to their more common use in scientifi c literature. As seen in Fig. 3 , OsOPT2 was predicted to have 14 TM domains (13 certain and one probable) when using GES hydrophobicity scale; however, when using the KD method, 15 TM domains (14 certain and one probable) were predicted. Furthermore, GES predicted the C terminus of OsOPT2 to be located in the cytoplasm whereas KD predicted it to be in the extracellular space. According to KD, the lengths of the extracellular loops of OsOPT2 varied from 7 up to 57 amino acids, whereas the loops in the intracellular space varied in length from 13 up to 62 amino acids. Further analysis using WoLF PSORT enabled us to predict the probable protein localization of each of the diff erent OsOPTs. It was found that they are all membrane localized, most likely to the plasma membrane, with the exception of OsOPT1, which had an equal probability of being localized to the endoplasmic reticulum. OsOPT4 was the only rice PT-OPT having 100% probability of being localized to the plasma membrane. For all other OsOPTs, despite the plasma membrane being given as the most likely localization, it is also possible that they are localized to other cell membranes such as the vacuole, mitochondria, or plastid.
Chromosome locations of the putative oligopeptide transporter genes revealed that the diff erent rice OPTs have widespread distribution throughout the rice genome. Th ey were detected on chromosomes 1 (OsOPT1), 2 (OsOPT8), 3 (OsOPT7), 4 (OsOPT6), 6 (OsOPT2, OsOPT3 and OsOPT4), and 8 (OsOPT5 and OsOPT9) (Table 4) .
Comparison between the PT and YS Clade OPT Proteins in Rice
Because it has been reported that the YS-OPTs are related to the PT-OPTs (Yen et al., 2001 ), these two groups were analyzed in more detail. It was found that the rice YS-OPTs share a low level of similarity to the PT-OPTs (from 6 to 14% similarity at the protein identity level), whereas the PT-OPTs share a high level of similarity amongst themselves (from 49 to 91%; see Table 3 ). Also, the YS-OPTs do not possess either of the characteristic signature motifs found in all PT-OPTs (data not shown). A 
rooted phylogenetic tree was prepared comparing the rice PT-OPTs to the YS-OPTs (Fig. 4) ; this analysis showed that these groups cluster in two separate branches, with a confi dence value of 100 in the bootstrap analysis.
Tissue-Specifi c Expression of the PT-OPTs
Partial cDNA sequences for the O. sativa OPT genes OsOPT1 to OsOPT9 were amplifi ed by RT-PCR using gene specifi c primers designed from the cDNA sequences in the databases (see Materials and Methods). Eight diff erent tissues, including roots (R), stems (St), seed hulls (SH), pedicels (Pd), embryos (Em), senescing nonfl ag leaves (SL), fl ag leaves (FL), and green nonfl ag leaves (GL) were all analyzed for expression of the OsOPT genes (Fig. 5) . Because the cDNA sequences of the diff erent OsOPTs share partial homology, primers were designed in regions with higher nucleotide variability, and the cDNA fragments were completely sequenced to confi rm that the correct OsOPT sequence had been amplifi ed. As an internal control, tubulin mRNA also was amplifi ed. Th e RT-PCR analysis showed that accumulation of OsOPT gene transcripts not only was associated with diff erent tissues and stages of development, but the expression pattern of each OsOPT gene member also diff ered (Fig. 5) . Th e data shown indicate that OsOPT1, OsOPT4, and OsOPT7 mRNA were detected in all tissues analyzed, showing constitutive expression, while the other OsOPTs appeared to be more tissue specifi c. OsOPT2 was only expressed in the root, stem, and pedicels. OsOPT5 and OsOPT6 were only expressed in a few tissues, with the levels of expression being generally low (relative to the other OsOPTs). All nine of the OsOPTs showed some level of expression in the roots, while only fi ve of the nine showed expression in the embryo.
Functional Characterization of OsOPT1, 3, 4, 5, and 7 by Heterologous Expression in Yeast
To reveal the activity of potential transporters such as the OsOPT proteins, one can express the genes of interest in heterologous systems such as yeast and perform growth complementation tests. For this purpose, the yeast strain fet3fet4, which is defective in the low and high affi nity iron uptake system, and therefore is unable to grow in yeast cells negatively aff ected their viability under control conditions (Fig. 6 ). On the contrary, when media supplemented with 40 μM FeSO 4 (negative control conditions) was provided, the yeast cells failed to grow, demonstrating the lower availability of this iron source when compared to iron citrate. When iron was introduced into the media as Fe(II)-NA or Fe(III)-NA, at diff erent metal concentrations, OsOPT1, OsOPT3, and OsOPT4 were able to strongly complement the growth defect of the fet3fet4 mutant. However, OsOPT3 and OsOPT4 provided better growth than OsOPT1 when cells were supplied with Fe(II)-NA. Conversely, OsOPT5 or OsOPT7 expression provided limited complementation to the fet3fet4 mutant when grown in the presence of Fe(III)-NA ( Fig. 6 ; growth was similar to iron citrate positive control), but no apparent complementation with Fe(II)-NA, at least at 5 or 10 μM.
To further verify the Fe-NA transport capabilities of selected OsOPTs, direct transport studies were conducted with the fet3fet4 yeast mutant transformed with 
Discussion
In the present study, searching the available rice sequences using independent database searches helped to identify nine rice open reading frames, representing proteins designated OsOPT1, OsOPT2, OsOPT3, OsOPT4, OsOPT5, OsOPT6, OsOPT7, OsOPT8, and OsOPT9 (Table 2) that contain the two signature motifs characteristic of the OPTs of the PT clade (Koh et al., 2002) (Fig.  2) . Sequence comparisons suggest that the rice PT-OPTs cluster with the other identifi ed sequences of plant PTOPTs from A. thaliana, B. juncea, and M. truncatula, and comprise a distinct subfamily of OPT transporters when compared to the fungal OPT sequences (Fig. 1) . Of the previously studied rice OPTs, OsGT1 (here called OsOPT3) has been shown to transport glutathione (γ-glutamyl-cysteinyl Gly), a tripeptide that is a source of sulfur in plants. Our phylogenetic analysis revealed that the closest Arabidopsis homolog to OsOPT3 is AtOPT7, and not AtOPT6, the ortholog previously shown to be a glutathione transporter in Arabidopsis . Also, OsOPT3 is very closely related to two rice sequences, which in this study have been named OsOPT2 and OsOPT4.
All OPT family members identifi ed thus far (plant and fungal) have been predicted to be integral membrane proteins with 12 to 14 TM domains. In this study, although having been predicted as integral plasma membrane proteins by Psort analysis, the rice OPT proteins appear to have 15 to 18 TM domains. Th is may be a true diff erence or it may be related to the diff erent sequence analysis algorithms being used in this study (KD and GES) when compared to others (e.g., PRED-TMR, ver. 1.0; Koh et al., 2002) . Two independent computational methods for studying TM alpha-helices were used (Kyte and Doolittle, 1982; Goldman et al., 1986) , and these were found to give diff erent outputs in terms of the number and length of TM domains, and the localization of the N and C terminus of the protein (Fig. 3) . Different protein structural attributes have been shown before in a study comparing experimentally versus computationally derived outputs (Wallace et al., 1986) . Computational methods such as the ones described above have been, and will continue to be, some of the more useful tools for studying membrane protein structure and function. However, caution must be made when drawing conclusions about a protein's topology, due to the diff erent outputs produced by independent computational methods. Analysis of the expression of the various OsOPTs revealed that they have a diverse pattern of tissue expression (Fig. 5) . Transcripts for the diff erent OPTs were detected in the stems, seed hulls, pedicels, embryos, senescing nonfl ag leaves, and fl ag leaves of reproductive aged plants, and the roots and green leaves of younger plants. Th is diversity of expression has also been shown for the A. thaliana OPTs, where gene expression was detected in vascular tissues, roots, fl owers, siliques, hypocotyls, and stems (Koh et al., 2002; Stacey et al., 2006) . Th ese fi ndings suggest a diversity of roles for plant OPTs. However, unlike what was seen in Arabidopsis, the rice OPTs that showed higher sequence similarity amongst each other did not necessarily share the same expression pattern in the plant. OsOPT2 and OsOPT4, for instance, which share 91% sequence identity, showed very distinct expression patterns. Th e same was true for OsOPT1 and OsOPT2, which showed diff erent expression profi les despite having 81% sequence identity.
It has been shown in Arabidopsis that AtOPT3 (Stacey et al., 2002b) and AtOPT6 ) are expressed in developing embryos and in seed maternal tissue, probably being involved in the process of embryo development. In the current study, it was found that OsOPT1, OsOPT3, OsOPT4, and OsOPT7 also were expressed in rice embryos, suggesting that these specifi c OsOPTs may be involved in embryogenesis.
In all plants, including rice, the transport of metals across the cell plasma membrane and across intracellular membranes of diff erent organelles must be done with the help of specifi c metal transporters. Iron is essential for proper cell functioning, but it also is deleterious when present in excess concentrations, leading to the formation of free radicals and cell death; thus, its transport must be closely regulated. It has been suggested that AtOPT3 may have a role in metal transport, due to its OsOPT identifi cation numbers of the PT clade are as described for Fig. 1 ; OsYSL numbers used are: OsYSL1, AB190912; OsYSL2, AB126253; OsYSL3, AB190913; OsYSL4, AB190914; OsYSL5, AB190915; OsYSL6, AB190916; OsYSL7, AB190917; OsYSL8, AB190918; OsYSL9, AB190919; OsYSL10, AB190920; OsYSL11, AB190921; OsYSL12, AB190922; OsYSL15, AB190923; OsYSL16, AB190924; OsYSL17, AB190925; OsYSL18, AB190926.
enhanced expression under iron limitation . Moreover, OPTs from the YS clade, such as YSL1 (Yen et al., 2001 , Le Jean et al., 2005 , Waters et al., 2006 , YSL2 (DiDonato et al., 2004) and YSL3 from Arabidopsis (Waters et al., 2006) , TcYSL3 from Th laspi caerulescens J. Presl and C. Presl (Gendre et al., 2007) , and ZmYS1 from maize (Schaaf et al., 2004 ) are able to transport metals when these are bound to NA. Nicotianamine is a nonpeptidyl compound (derived from three S-adenosyl methionine subunits) that occurs in all plants and chelates metal cations, including both Fe 2+ and Fe 3+ (Pich et al., 1994; von Wirén et al., 1999; Pich et al., 2001) , although the relative physiological importance of these two forms of chelated iron in vivo remains to be tested. Th e fi nding that Fe(II)-NA and Fe(III)-NA are potential substrates for transport by plant OPTs lends support to the hypothesis that certain oligopeptide transporters of the PT clade, such as the OsOPTs described in this study, are important in the transport of metal ions chelated with NA.
To gain insight into the transport capabilities of the OsOPTs, the coding regions of fi ve OsOPTs were introduced into the yeast mutant fet3fet4, which is defective in both high-and low-affi nity iron uptake systems and is thus incapable of growing in iron-limiting media. It was found that OsOPT3, OsOPT4, and to a lesser extent OsOPT1 were capable of transporting both Fe(II)-NA and Fe(III)-NA, restoring the growth of the yeast mutant (Fig. 6) or directly demonstrating membrane transport in cells of the yeast mutant (Fig. 7) . Limited Fe(III)-NA transport was demonstrated for OsOPT5 and OsOPT7. Th e only other proteins that have been shown to transport NA-metal chelates have been OsYSL2 (Koike et al., 2004) , ZmYS1 (Schaaf et al., 2004) , and TcYSL3 (Gendre et al., 2007) . Th ese transporters are all from the YSL subgroup of the so-called peptide transporters. Our report is the fi rst that shows functional evidence of an OPT from the PT clade of transporters being able to transport iron bound to NA. Nevertheless, this does not rule out the possibility that these proteins may also transport other biological substrates, such as nonmetal chelates, signal peptides, other small peptides containing three to fi ve amino acids, or other nonpeptidyl compounds derived from amino acid subunits.
Conclusions regarding substrate preferences for the OPTs are not easy to draw, because there are endless combinations of oligopeptides present in nature, as well as numerous nonpeptidyl compounds synthesized from amino acids, and it would be a daunting task to study them all individually. Because other metals such as Cu or Ni can also be chelated with NA in the plant (Mari et al., 2006) , it is possible that these OsOPTs could also participate in the transport of these metals across biological membranes. Th is hypothesis remains to be tested using diff erent yeast strains with impaired capacity in the transport of diff erent metal ions, and by using the appropriate metal NA complexes as substrates for the complementation studies. It is worth noting that because YS-OPT proteins (predominantly YSLs) in other species have been shown to transport metals bound to NA (reviewed in Lubkowitz, 2006) , one might consider using common function to reorganize how the rice PT-OPTs and YS-OPTs are grouped. Saier (2000) has proposed a membrane transporter classifi cation system that uses transport mode and energy coupling characteristics to group functionally related proteins. Unfortunately, this type of information is not yet available for all members of the rice OPT superfamily. In lieu of this, bioinformatic analyses have demonstrated that the rice PT-OPT and YS-OPT proteins cluster in two diff erent branches (Fig. 4) , and that members of these subfamilies share little homology at the protein sequence level. Th erefore, it seems appropriate at this time to place all of these proteins in the OPT superfamily, but to retain distinct subfamilies based on divergent sequence characteristics.
Th e PT-clade OPT transporters characterized in this report show diversity in their sequences and patterns of expression, complexity in their regulatory domains, and potential variability in their substrate specifi cities. Because these transporters may be involved in many aspects of the plant's physiology, especially those dependent on nutrient and metabolite transport, further characterization of these novel proteins is warranted. Th is information may suggest new strategies that will enable the nutritional or agronomic improvement of rice and other crops.
